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Abstract 
Oxidative stress such as radiation can trigger the production of cytokines including tumor necrosis factor (TNF) and lymphotoxin 
(LT). The increased cytokine levels may in turn induce the synthesis of protein(s) that protect against subsequent killing by oxidative 
stress. Indeed, pretreatment of animals with TNF or LT can protect hem against lethal doses of radiation and the alopecia that results 
from anticancer drugs. TNF or LT can specifically and selectively induce the expression of manganous superoxide dismutase (MnSOD). 
MnSOD, identified as one of the protective proteins, is a mitochondrial enzyme that scavenges superoxide radicals (0 2). TNF-R1 but not 
TNF-R2 is responsible for TNF and LT's induction of MnSOD. Paradoxically, the TNF-R1 is also the receptor that mediates the 
production of oxygen free radicals and apoptosis. Overexpression f MnSOD but not CuZn-SOD or EC-SOD enhances cellular esistance 
to radiation. Conversely, overexpression f antisense MnSOD RNA diminishes resistance. Transfection of cells with MnSOD lacking the 
mitochondrial matrix signal does not provide protection against radiation. However, insertion of the mitochondrial signal sequence into 
CuZn-SOD or EC-SOD results in significant protection. TNF or LT does not induce MnSOD in tumor cells; nor do they protect hese 
cells against radiation. Actually, TNF or LT pretreatment can sensitize tumor cells to killing by radiation. 
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1. Biology of TNF and LT 
Tumor necrosis factor (TNF) and lymphotoxin (LT) are 
anti-tumor cytokines that play a role in regulating immune 
responses and protecting cells against oxidative stress [1,2]. 
Human TNF (157 amino acids/monomer) and LT (171 
amino acids/monomer) exist as trimers and are encoded 
by linked genes located on chromosome 6. The production 
of these cytokines is not constitutive but is tightly regu- 
lated [3]. TNF and LT are induced not only by immuno- 
logical stimuli but also by oxidative insults such as ioniz- 
ing radiation [3]. TNF is produced mainly by activated 
macrophages, whereas LT is produced by activated lym- 
phocytes [1]. TNF and LT have been shown to mediate 
similar biological activities [1]. In vivo, TNF can have 
undesirable effects, especially if present in high doses 
[1,4]. Much less is known about the effects of LT because 
it has not been studied nearly as extensively as TNF. 
Interestingly, LT appears to be less toxic in vivo than TNF 
[51. 
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Both TNF and LT bind to the same receptors (p55 and 
p75) [1,6]. These receptors, expressed on most cells, do not 
share any homology in their intracellular domains and are 
therefore likely to signal through independent pathways. 
Agonist antibodies directed against individual receptors 
have indicated that the p55 receptor is responsible for the 
majority of the activities induced by TNF and LT, includ- 
ing cytotoxicity, fibroblast proliferation, induction of cellu- 
lar genes [2,7], increased level of oxygen free radicals 
(Wong, unpublished data) and anti-viral activity [8]. In 
contrast, the p75 receptor can signal lymphocyte prolifera- 
tion [7]. Thus, both receptors are active in signaling and 
the signaling is not redundant [2,7]. 
2. Induction of MnSOD by TNF and LT 
TNF and LT induce the expression of manganous u- 
peroxide dismutase (MnSOD) [9], a mitochondrial enzyme 
involved in detoxification of superoxide (0  2 - )  radicals. 
The induction is rapid, occurring in less than one hour, 
sensitive, requiring only 0.1 ng /ml  in vitro, and long 
lived, persisting up to 5 days. It requires new RNA and 
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Fig. 1. TNF or LT induces MnSOD activity in normal cells but not in tumor cells. Confluent cells (106/ml) were incubated with 1 /xg/ml of either TNF 
or LT for 48 h, and cell lysates were prepared and examined for MnSOD activity as described [14]. 
protein synthesis and the induction is substantial. For 
example, TNF or LT induces approximately a 100-fold 
increase in the level of MnSOD in normal human fetal 
brain cells (Fig. 1). In contrast, the levels of other antioxi- 
dant enzymes (copper-zinc-SOD (CuZn-SOD), catalase and 
glutathione peroxidase) or mitochondrial enzymes (cyto- 
chrome C oxidase, pyruvate dehydrogenase and asparate 
aminotransferase) are not altered. The induction of Mn- 
SOD by TNF or LT occurs in most normal cells and is a 
physiological process in the whole animal [9]. However, 
TNF or LT does not induce MnSOD in some human tumor 
cells such as neuroblastoma SK-N-SH cells, cervical carci- 
noma ME-180, leukemia cells including HL-60, U937 and 
K562 (Fig. 1), or HIV infected HUT-78 cells [10]. Thus, 
specific and selective induction of mitochondrial MnSOD 
but not cytosolic CuZn-SOD by TNF/LT  implies that 
mitochondria might be particularly sensitive to oxidative 
insults [ 11 ]. 
The initial step in the MnSOD induction process in- 
volves TNF or LT binding to the cell surface p55 receptor 
[2]. Antibodies that bind to the p55 but not the p75 
receptor induce MnSOD expression [2,7], These results 
suggest hat TNF and LT serve only as a receptor activat- 
ing ligand and are not involved in intracellular events per 
se. How the inducing signals enter the cell and what paths 
they take once inside the cell to trigger the effects medi- 
ated by TNF or LT are not clear. 
TNF [2] and LT (Wong, unpublished ata) can trigger 
cells to generate oxygen free radicals. It is possible that 
these oxygen radicals serve as second messengers in the 
signaling of MnSOD induction. However, antioxidants 
such as butylated hydroxytoluene and glucocorticoids do 
not inhibit the induction of MnSOD by TNF/LT  [2]. 
Furthermore, ionizing radiation or compounds that gener- 
ate oxygen radicals, such as paraquat, adriamycin and 
menadione, and H20 2, do not induce MnSOD [2]. These 
findings suggest that oxygen radicals are not the sole 
mediators of MnSOD induction. Protein kinase C is not 
likely to participate because phorbol esters and lipopoly- 
saccharide, agents that activate protein kinase C or trigger 
NF-kB production, do not induce MnSOD. Furthermore, 
protein kinase C inhibitors such as H7 and staurosporin do 
not block induction of MnSOD. However, NDGA, an 
inhibitor of the lipo-oxygenase pathway, but not indo- 
methacin, an inhibitor of the cyclo-oxygenase pathway, 
inhibits the MnSOD induction by TNF or agonist antibod- 
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Fig. 2. Effects of TNF/LT pretreatment or cellular gene overexpression on radiation killing. Stable SK-N-SH cells containing various cDNAs for p53, 
Bcl-2, MnSOD, CuZn-SOD, or EC-SOD were generated bycotransfection with pRSV-neo as described [14]. Three G418-resistant clones were analyzed 
for sensitivity o radiation killing. Cells were pretreated with or without 1 /zg/ml of either TNF or LT for 12 h before xposure to50 Gy of y-irradiation. 
After 72 h, cell viability was determined bystaining with crystal violet as described [15]. Percent viability values are the mean -t- S.E. of three independent 
determinations. 
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Fig. 3. Effects of p53, Bcl-2 and MnSOD overexpression radiation killing. Stable SK-N-SH cell lines containing cDNAs for either p53, Bcl-2 and/or 
MnSOD were generated and tested for sensitivity to radiation killing as described in Fig. 2. 
ies to p55 receptor [12]. These results suggest hat leuko- 
trienes, which are products of the lipo-oxygenase pathway, 
may be involved in MnSOD induction. Since NDGA may 
also function as an anti-oxidant, oxygen free radicals may 
partly contribute to the induction of MnSOD. 
3. Protective role of mitochondrial MnSOD against 
radiation damage 
The radioprotective effect of overexpression f various 
forms of SODs was examined. Pretreatment of SK-N-SH 
cells with either TNF or LT confers cellular resistance to 
radiation killing (Fig. 2). Overexpression f mitochondrial 
MnSOD but not cytosolic CuZn-SOD or the extracellular 
CuZn-SOD (EC-SOD) in the SK-N-SH cell line provided 
partial protection against radiation damage (Fig. 2). The 
activity of other potential protective gene products uch as 
p53 or Bcl-2 was also tested in this system. Unlike Mn- 
SOD, overexpression f p53 or Bcl-2 provided no radio- 
protection. However, both further enhance the protective 
function of MnSOD (Fig. 3). Conversely, overexpression 
of antisense MnSOD RNA diminishes cellular resistance 
to radiation induced cell death [3]. Yet, MnSOD is neces- 
sary but is not sufficient for full protection mediated by 
TNF or LT. Thus, other protective proteins must be re- 
quired for complete protection. 
MnSOD is found mainly in mitochondria, whereas 
CuZn-SOD normally is in the cytosol. Normally, MnSOD 
contains a leader peptide that is required for entry into 
mitochondria. Interestingly, transfection of cells with Mn- 
SOD lacking its mitochondrial matrix signal does not 
provide protection against radiation (Fig. 4). However, 
insertion of the MnSOD-derived mitochondrial signal se- 
quence into CuZn-SOD eDNA results in significant radio- 
protection. These data indicate that the mitochondrial lo- 
calization of MnSOD is critical for its unique protective 
property. This may also argue against a requirement for the 
enzymatic uniqueness of MnSOD (Fig. 5). Furthermore, 
these results suggest that mitochondria are highly sensitive 
to radiation [11] and also raise the possibility that superox- 
ide generated within mitochondria s the key toxic compo- 
nent of radiation killing. 
Several questions remain unanswered. First, why does 
TNF or LT induce the formation of both MnSOD and 
oxygen radicals? Second, do the latter act as second mes- 
sengers in the induction of MnSOD? If so, how do oxygen 
radicals generated within mitochondria signal MnSOD gene 
induction in the nucleus? Third, why do TNF and LT not 
alter the levels of other anti-oxidant enzymes such as 
catalase, glutathione peroxidase, glutathione reductase and 
glutathione transferase? Fourth, is mitochondrial MnSOD 
the limiting enzyme with respect to oxygen radical damage 
in response to radioprotection? Since MnSOD converts O~- 
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Fig. 4. SOD is radioprotective only in mitochondria. Stable SK-N-SH cell lines which have been transfected with either MnSOD or CuZn-SOD cDNAs 
with or without he mitochondrial matrix signal were tested for their susceptibility to radiation killing as described in Fig. 2. 
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Fig. 5. Mitochondrial localization of MnSOD is necessary for its unique radioprotective property. 
to H202 within the mitochondria, what is the fate of the 
H20 2 produced in the mitochondria? Since there is no 
significant increase in either catalase or glutathione peroxi- 
dase, the cell must be able somehow either to tolerate 
additional H20 2 through unknown mechanisms or has 
sufficient steady state supply of these enzymes to neutral- 
ize the toxicity of the increased H202 and related 
molecules. 
4. Potential therapeutic use of TNF or LT 
MnSOD expression appears to be lower in some tumor 
cells than in normal cells and is not inducible by either 
TNF or LT (Fig. 1). This may provide an additional 
explanation as to why tumor cells are more sensitive to 
radiation. Overexpression of MnSOD in cell lines in- 
creases their resistance to radiation induced damage (Figs. 
2 and 3) [3,13,14]. If the radioprotective effect of TNF/LT 
is a consequence of MnSOD induction, then TNF/LT 
pretreatment may protect normal cells against radiation 
damage. Since LT and TNF do not induce MnSOD in 
tumor cells, it is possible that these tumor cells would not 
gain radioprotection by TNF/LT pretreatment (Fig. 6). 
This hypothesis was supported by the following experi- 
ment. Pretreatment with LT (10 /zg/mouse) was found to 
protect umor bearing BALB/c mice against a 750 cGy 
lethal dose of "y-irradiation. At day 12 after irradiation, 
9/10 (90%) of mice pretreated with LT were still alive 
whereas all the control tumor-bearing mice (10/10) had 
been killed by irradiation. Interestingly, pretreatment with 
LT actually sensitizes the Meth-A sarcoma to radiation 
killing in these mice. At day 40 after radiation treatment, 
no tumor cells could be detected in any of the surviving 
mice. 
Furthermore, pretreatment of rats with LT was also 
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Fig. 6. Hypothesis: TNF/LT selectively protect normal cells against, but sensitize tumor cells, to radiation. 
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found to reduce the toxicity of some anti-cancer drugs. 
Two injections of 0.5 /~g of LT per rat (8 days old) prior 
to chemotherapy protected against hair loss induced by 
cytosine arabinoside and mortality caused by doxorubicin 
(Wong, unpublished data). The mechanisms by which LT 
protects against cytotoxic effects of radiation or chemo- 
therapy are not clear but they may involve induction of 
protective proteins such as MnSOD. Other mechanisms, 
such as the ability to arrest the cell cycle, induction of 
cellular differentiation, hypoxia, glycolysis or synthesis of 
repair enzymes are also possible. Whatever the mecha- 
nisms are, TNF and LT appear to hold great promise as 
therapeutic agents to protect normal cells against damage 
mediated by radiation or chemotherapy, while at the same 
time sensitizing tumor cells. 
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